[1] We present a statistical investigation into the variations of the ionospheric energy coupling efficiencies with the solar wind energy input, the interplanetary magnetic field (IMF) clock angle and the solar wind dynamic pressure. The ionospheric energy coupling efficiencies are defined as the ratios of the ionospheric energy deposition (namely auroral precipitation, Joule heating, and their total) to the solar wind energy input. We find that the ionospheric energy coupling efficiencies decrease exponentially with the solar wind energy input. Moreover, it is the same case under geomagnetic storm conditions. Our results also show that the energy coupling efficiencies are dependent on the IMF clock angle and almost independent of the solar wind dynamic pressure. These results will help us estimate and predict energy transfer from the solar wind to the thermosphereionosphere system under extreme space weather conditions, particularly severe geomagnetic storms.
Introduction
[2] A part of energy supplied to the magnetosphere from the solar wind is deposited in the auroral regions via particle precipitation and Joule heating. This high latitude energy input, along with solar EUV, governs the structure and dynamics of the ionosphere-thermosphere system [Guo et al., 2010] . Generally, Joule heating dominates over particle precipitation as the main dissipation channel in the high-latitude ionosphere. The relative role of ionospheric dissipation in the global energy budget is an important issue. When Perreault and Akasofu [1978] derived the epsilon parameter, it was believed that only about 10% of the energy input would be dissipated through Joule heating and auroral precipitation, but this percentage has been gradually increasing [e.g., Knipp et al., 1998; Lu et al., 1998; Turner et al., 2001; Tanskanen et al., 2002] . Recent results of Turner et al. [2009] and Guo et al. [2011] show that ionospheric dissipation accounts for the vast majority of energy dissipation, with the ring current only being 10-13% of the total energy output.
[3] Tanskanen et al. [2002] found that for substorms they studied in the Northern Hemisphere, Joule dissipation accounted for about one third of the energy dissipation in solar minimum 1997 and about one fourth in 1999. Thus, Joule dissipation appears to cover a larger part of energy budget during quiet years than it does during active years, which leads us to an interesting question: Does the efficiency of the energy coupling between the solar wind and the ionosphere varies with various solar wind energy input? Several recent studies have found that a weaker driver leads to more effective energy coupling by analyzing the response of geomagnetic activity or magnetospheric and ionospheric activity to the solar wind driver [see, e.g., Palmroth et al., 2007; Pulkkinen et al., 2007] . Further analyzing and quantifying the role of the solar wind driver on solar windionosphere energy coupling is a relatively new endeavor that requires ionospheric dissipation measurements. This paper will attempt to characterize the variations of the energy coupling efficiencies with solar wind energy input by computing the ratio of the ionospheric dissipation to the solar wind energy input. In addition, the interplanetary magnetic field (IMF) clock angle and solar wind dynamic pressure dependences of ionospheric energy coupling efficiencies are also investigated.
Methodology

Solar Wind Energy Input
[4] As there is no direct observational means of determining the energy input from the solar wind to the magnetosphere and thermosphere-ionosphere system, various solar wind-based coupling functions (parameters) have been developed [see, e.g., Kan and Lee, 1979; Akasofu, 1981; Wygant et al., 1983; Newell et al., 2007, and references therein; Kivelson and Ridley, 2008] . However, each parameter has been derived for a different purpose, and thus has slightly different properties tuned to give best results for the question addressed by the original authors. Moreover, the absolute magnitude of the parameters depends on how they were scaled. The Akasofu function (the epsilon parameter) was scaled to equal the amount of energy dissipated by the ring current and by the ionosphere (including Joule heating and auroral precipitation), which is most consistent with our purpose. Therefore, in this study, we choose the epsilon parameter (equation (1)) [Akasofu, 1981] :
The variables v, B, q, l 0 on the right-hand side are given in SI units and denote the solar wind velocity, the solar wind magnetic field magnitude, the interplanetary magnetic field (IMF) clock angle, and the scaling factor, respectively. The scaling factor is empirically determined to be l 0 = 7 R E [Perreault and Akasofu, 1978] . Considering the fact that the dayside magnetopause position varies with the solar wind dynamic pressure, we replace the effective cross-sectional area l 0 2 by R CF 2 , where R CF = (B 0 /4prv 2 )
1/6 R E , as obtained from a balance between the kinetic plasma and the magnetic pressure, with B 0 $ 0.3 Gauss [see Mac-Mahon and Gonzalez, 1997] . The variables r and v are the mass density and velocity of the solar wind, respectively. The dynamic pressure-corrected energy input function (equation (2)) is
So, we actually use the dynamic pressure-corrected Akasofu function to determine the solar wind energy input. The solar wind magnetic field and plasma parameters are available from the 1-h averaged OMNI database (GSM coordinates at 1 AU).
Ionospheric Dissipation
[5] To estimate the ionospheric dissipation (auroral precipitation and Joule heating), we use the same methodology as that in Guo et al. [2011] . In their study, Joule heating is estimated using relations derived by Knipp et al. [2004] . Global auroral precipitation estimates on a 1 h cadence are computed by using data from Defense Meteorological Satellite Program (DMSP) and National Oceanic and Atmospheric Administration (NOAA) satellites intercalibrated with each other by Emery et al. [2008 Emery et al. [ , 2009 . NOAA satellites provide estimates of the total hemispheric power (HPt) from both electron and ion sensors for energies <20 keV while the DMSP satellites provide estimates of the electron hemispheric power (HPe) from the electron sensors for energies <20 keV ignoring the highest energy channel between 20.62 keV and 30.18 keV [Emery et al., 2008] . The ion hemispheric power (HPi) is deduced from the NOAA satellites from the difference of the total and the electron hemispheric powers (HPi = HPtÀHPe), and account for $10% of the total HPt [Emery et al., 2008] .
[6] In the present study, we calculate the global auroral ion (Pi) and electron (Pe) inputs from the sum of the hourly HPi and HPe estimates from each hemisphere, and confine ourselves to auroral energies <20 keV. Emery et al. [2006] found DMSP electron energy flux between 20.62 keV and 30.18 keV to be $5% of the total, increasing to as much as 12% for Kp 0. Codrescu et al. [1997] estimated the 30 keV to 2.5 MeV electron flux from the Medium Energy Proton and Electron Detector (MEPED) of NOAA satellites to vary between about 0.05 GW during quiet times to about 6.0 GW in active periods. This corresponds to about 1% to 10%, respectively, of the energy flux for electron energies below 20 keV from Emery et al. [2008, Table 3a ]. Thus, electrons >20 keV are only expected to contribute $15% more energy flux than electrons <20 keV. However, the high energy component to Pi > 20 keV is estimated to be similar in magnitude to the component <20 keV for Kp > 3+ [Fang et al., 2007; Emery et al., 2008] . For lower Kp activities shown in Fang et al. [2007, Figures 1 and 9] , the high energy component is $5-30% of the proton flux <20 keV for Kp < 1 and Kp $ 2, respectively. Since protons only account for $10% of the auroral energy flux, we do not anticipate any significant change in our results for auroral precipitation or ionospheric dissipation by ignoring electron and ion energies >20 keV. However, the fits for Pi could be increased in magnitude with the additional precipitation at larger values of epsilon.
Definition of the Ionospheric Energy Coupling Efficiency
[7] In this paper, we define three ionospheric energy coupling efficiencies as the ratios of the ionospheric energy deposition (namely auroral precipitation, Joule heating, and both auroral precipitation and Joule heating) to the solar wind energy input:
Results and Discussion
[8] As noted above, both solar wind energy input and ionospheric dissipation have been averaged to a time resolution of 1 h to better approximate a "steady state" energy coupling of ionosphere to solar wind. The data set used in this analysis spans 15 years (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) and consists of almost 131,500 1-h intervals. The three panels in Figure 1 show the number of data points within each 50 GW solar wind energy input bin, within each 10 IMF clock angle bin, and within each 0.5 nPa solar wind dynamic pressure bin respectively.
[9] Figure 2 shows the ionospheric energy coupling efficiencies as a function of the solar wind energy input rate represented by ɛ*. Here we do not take into account the periods when ɛ* > 1000 GW, since such periods are relatively rare and do not produce statistically meaningful results. Obviously, the energy coupling efficiencies decrease with the solar wind energy input rate. Moreover, the decreasing tendencies can be described by an exponential equation given by f ðxÞ ¼ a expðbxÞ þ c expðdxÞ;
where a, b, c and d are the fit coefficients. Therefore, we suggest that the ionospheric energy coupling efficiencies fall off exponentially with the solar wind energy input. Note that there are some cases where the energy coupling efficiencies are greater than 1. This does not present a problem, as the energy coupling efficiencies are calculated by assuming that the correct solar wind energy input can be estimated by the dynamic pressure-corrected epsilon parameter. Previous analyses of energy output suggested that the epsilon parameter suffers from underestimations which can be corrected by scaling the parameter up by a factor of 1.5 to 2
[e.g., Koskinen and Tanskanen, 2002] . We did not scale up the dynamic pressure-corrected epsilon, so the ionospheric energy coupling efficiencies in our calculation might be overestimated. However, this does not affect our results of the variations of the ionospheric energy coupling efficiencies with the solar wind energy input, as well as the IMF clock angle and dynamic pressure dependencies presented in Figure 5 .
[10] We further investigate whether the coupling efficiencies still fall off exponentially under geomagnetic storm conditions. The storm events are selected from the list of 90 intense geomagnetic storms (Dst ≤ À100 nT) complied by Zhang et al. [2007] , as well as 124 moderate geomagnetic storms (À100 nT < Dst ≤ À50 nT) collected by Turner et al.
[2009] for a total of 214 storms. These storms cover the period from 1996 to 2006. For each storm, we estimate the energy input and the energy dissipated via Joule heating and auroral precipitation, and compute the integrated values of the energy input and dissipation beginning at the first decrease in Dst to when the Dst has recovered 80% from its lowest value. Then, we can calculate an ionospheric energy coupling efficiency according to its definition (equation (3)). The ionospheric energy coupling efficiencies versus the solar wind energy input for all 214 storms are shown in Figure 3 . The plots demonstrate that the ionospheric energy coupling efficiencies also decrease exponentially with the solar wind energy input under geomagnetic storm conditions.
[11] In addition, it is interesting to investigate whether there is a difference between the efficiencies of solar wind energy coupling to global electron precipitation (Pe) and to ion precipitation (Pi). As shown in Figure 4 (left), the energy efficiencies of Pe and Pi fall off exponentially with the solar wind energy input rate. It is worth noting that the Pi energy efficiency decreases rapidly from 0.04 to 0.01 when the solar wind energy input rate is less than about 300 GW. This is because that there is more ion precipitation when the IMF orientation is close to northward with less solar wind energy input. Moreover, the ion precipitation increases strongly with increasing IMF Bz positive magnitude [Emery et al., 2008] . Under geomagnetic storm conditions, the energy efficiencies of Pe and Pi also decrease exponentially with the solar wind energy input, which are illustrated in Figure 4 (right).
[12] Overall, our results show that the ionospheric energy coupling efficiencies significantly depend on the solar wind energy input, and they tend to be lower when the solar wind energy input increases. This is consistent with the results of Nakai and Kamide [1999] and Nagatsuma [2006] . They found that the coupling efficiencies between solar wind parameters and geomagnetic indices during periods of high solar activity tend to be lower than those during periods of low solar activity. Moreover, Nagatsuma [2006] proposed that the variation of total Pedersen conductivity on both northern and southern polar caps can explain the solar activity dependence of the solar wind coupling efficiencies of geomagnetic indices. Furthermore, Wang and Lühr [2007] suggested that the ionospheric Pedersen conductivity has a significant influence on the trigger level of a substorm. A smaller Pedersen conductivity may decrease the substorm trigger level and increase the number of substorms. As we know, substorms represent a significant dissipation of energy in an explosive reconfiguration process. The major portion of the energy dissipates into the high latitude ionosphere through Joule heating and auroral precipitation. The immediate consequence of this is the increase in the ionospheric energy coupling efficiencies. Therefore, we argue that our results are not inconsistent with the hypothesis that the Pedersen conductivity may play a key role in the solar wind dependence of the coupling efficiencies. In addition, our results may imply that the energy dissipated via magnetospheric processes (such as ring current, plasmoid and plasma sheet heating) or lost back to the solar wind might grow more quickly as the solar wind energy input increases.
[13] We also examine dependences of the ionospheric energy coupling efficiencies on the IMF clock angle as well as solar wind dynamic pressure, and the results are shown in Figure 5 . Note we do not take into account the periods when the dynamic pressure is larger than 5 nPa, since such periods are relatively rare and do not produce statistically meaningful results. As we can see, the ionospheric energy coupling efficiencies vary with IMF clock angle, with the peaks around q = 60 and q = 300 , and the minimum when q = 180
. This indicates that the energy deposited in the high-latitude ionosphere reaches its maximum when the IMF is southward (q = 180 ), while its minimum appears when the clock angle is close to 60 and 300 . Although one might expect the minimum Joule heat and particle precipitation to be located at times when the IMF is northward (q = 0 ), J. Guo et al. (manuscript in preparation, 2012) show that there is a slight increase in the Joule heating and in the electron precipitation at q = 0 , and a relatively large increase in the ion precipitation. The ionospheric energy coupling efficiencies are almost independent of the solar wind dynamic pressure, and are typical of ɛ* around 100-150 GW Figure 3 . The ionospheric energy coupling efficiencies versus the solar wind energy input for 214 geomagnetic storms. Note that each storm is considered to begin at the first decrease in Dst and end when the Dst has recovered 80% from its lowest value. The exponential fit results are also superimposed on each one. (cf. Figure 2) . It should be particularly noted that this conclusion is reached by analyzing the "steady state" energy coupling of the ionosphere to solar wind over 1 h. In fact, solar wind dynamic pressure has a role in ionospheric dynamics [see, e.g., Zesta et al., 2000; Shue and Kamide, 2001; Palmroth et al., 2004; Boudouridis et al., 2005] . Palmroth et al. [2007] investigated the solar wind-magnetosphere coupling efficiency in response to solar wind dynamic pressure impulses, and found that the coupling efficiency increases (decreases) for decreasing (increasing) IMF impulses. They also found that, if the statistical analysis is carried out for the entire length of pressure impulses without grouping according to the impulse structure, the coupling efficiency is constant in time. Hence, they concluded that it is the property of the pressure impulse itself that determines the magnetospheric and ionospheric response. However, due to restrictions of time resolution for the ionospheric energy deposition, we could not investigate the role of solar wind dynamic pressure impulses on the ionospheric energy coupling efficiencies.
Summary
[14] We have investigated the variations of the ionospheric energy coupling efficiencies with the solar wind energy input, the interplanetary magnetic field (IMF) clock angle and the solar wind dynamic pressure. The ionospheric energy coupling efficiencies are defined as the ratios of the ionospheric energy deposition (namely auroral precipitation, Joule heating, and both auroral precipitation and Joule heating) to the solar wind energy input. We find that the ionospheric energy coupling efficiencies decrease exponentially with the solar wind energy input. Moreover, such an exponential decrease is still true under geomagnetic storm conditions. This result has two important implications. First, under circumstances of tremendous solar wind energy input or severe geomagnetic storm conditions, there seems to be a limit to how much energy can be dissipated via auroral precipitation and Joule heating. Second, even during less active periods, the energy deposited in the ionosphere might be sufficient to cause significant disturbances in the thermosphere-ionosphere system because of the relatively high coupling efficiency compared to active periods. Our results also show that the ionospheric energy coupling efficiencies are dependent on the IMF clock angle and almost independent of the solar wind dynamic pressure.
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